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The nonlinear interaction between Near-Infrared (NIR) and Terahertz pulses is principally inves-
tigated as a means for the detection of radiation in the hardly accessible THz spectral region. Most
studies have targeted second-order nonlinear processes, given their higher efficiencies, and only a
limited number have addressed third-order nonlinear interactions, mainly investigating four-wave
mixing in air for broadband THz detection. We have studied the nonlinear interaction between
THz and NIR pulses in solid-state media (specifically diamond), and we show how the former can
be frequency-shifted up to UV frequencies by the scattering from the nonlinear polarisation in-
duced by the latter. Such UV emission differs from the well-known electric field-induced second
harmonic (EFISH) one, as it is generated via a phase-insensitive scattering, rather than a sum- or
difference-frequency four-wave-mixing process.
I. INTRODUCTION
The far-infrared spectral region suffered for years from
the lack of adequate sources and detectors—a fact that
led the community to identify this evident underdevel-
opment as the THz Gap. The potential impact of THz
photonics on fields such as bio-imaging, pharmaceutical,
chemical identification, and security stimulated the re-
search on this topic [1, 2], and the THz Gap in now al-
most closed [3]. To this end, the development of practi-
cal THz sources and detectors witnessed in the last two
decades played a crucial role. Many techniques for THz
detection rely on the nonlinear red interaction of the THz
radiation with visible or NIR probe pulses. For instance,
the electro-optical effect in second-order nonlinear crys-
tals is at the core of several time-domain spectroscopy
setups [4]. Alternatively, third-order nonlinear interac-
tions in centrosymmetric media such as electric field-
induced second harmonic generation (EFISH) have been
proposed as means to detect infrared radiation [5, 6].
A breakthrough in broadband time-domain THz spec-
troscopy was achieved utilising the low dispersion of air
to perform THz coherent detection [7]. This technique,
later called air-biased coherent detection (ABCD) [8], re-
lies on the EFISH process, which can be interpreted—
in the framework of four-wave-mixing—as the beating
between sum- and difference-frequency generation pro-
cesses [9]. Such beating leads to a phase- and amplitude-
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modulated signal at the second harmonic of the optical
probe. Overlapping this signal to a coherent field at the
second-harmonic of the probe pulse, either induced by
spectral broadening of the high intensity probe in air [7],
by electric field-induced second harmonic generation of
the probe via an external DC electric field [8], or by
employing a second-order nonlinear crystal [10] leads to
coherent detection of the THz field. In a recent publi-
cation, we investigated such a four-wave-mixing process
in condensed matter (specifically, diamond), demonstrat-
ing counter-propagating phase-matched THz–NIR (near
infrared) mixing [11].
In this letter, we study the emission spectrum of the
interaction between a THz single-cycle field and a NIR
pump pulse mediated by the third-order nonlinearity.
While at low pump intensities we observe the expected
EFISH spectral signature, at high intensities, we observe
the appearance of an additional feature in the UV spec-
tral region that hints at the onset of a nonlinear pro-
cess different from the EFISH. We performed a numeri-
cal study of the nonlinear waves dynamics, and we iden-
tified the unexpected signal as the result of a phase-
insensitive scattering (PI) of the THz from the intense
NIR pump [12, 13]. These results are in keeping with
our previous prediction for the scattering from an effec-
tive moving dispersive medium [14].
II. EXPERIMENTS
We experimentally investigated the nonlinear interac-
tion between intense NIR pulses and THz fields in di-
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2FIG. 1. (a) Experimental setup. A broadband (20 THz)
seed pulse is generated by field ionisation of nitrogen in an
asymmetric field composed of 1800 nm and 900 nm radia-
tion. The THz electric field recorded via air-biased coherent
detection (ABCD) and its spectrum are shown in (b,c), re-
spectively. The THz field is collimated by a gold-coated off-
axis parabolic mirror and filtered by two gold mesh long pass
filters in order to remove every frequency component above
20 THz. The THz pulse is then focused in a diamond single
crystal sample collinearly, and is temporally overlapped with
an intense 790 nm pump pulse. The generated UV radiation
is collected by a lens and detected by an imaging spectrometer
coupled to a charge-coupled device (CCD).
amond by recording the spectrum resulting from their
nonlinear mixing. The setup employed is sketched in Fig-
ure 1a. The NIR pump pulses are delivered at a 100 Hz
repetition rate by a Ti:sapphire laser (Advanced Laser
Light Source, ALLS , Thales), with 790 nm central wave-
length and 40 fs full-width at half-maximum duration.
The seed pulse at THz frequencies is generated via two-
colour gas ionisation driven by a mid-infrared pump at
1.8 µm and its second harmonic, as described in Ref. [15].
A set of long pass filters with a cutoff at 20 THz and
104 isolation was employed to remove the high-frequency
components from the THz pulse (QMC Instruments).
We chose diamond for the nonlinear mixing, mainly
because it features high optical transmission over a large
spectral region, covering all the bands involved in our
experiments (i.e., NIR, UV, and THz). The THz pulse
is focused with a 2 inch diameter, 2 inch reflected focal
length, gold-coated, 90 deg off-axis parabolic mirror onto
a 500 µm thick, 〈100〉-cut, single crystal diamond sample
(Element-6). The THz beam is characterised by scan-
ning the focused region with a THz camera (PV-320,
Electrophysics). The mode profile is that of a broad-
band Bessel–Gauss beam with a∼85 µm width, Gaussian
apodization, and 13 deg cone-angle. The THz field tem-
poral profile at the parabolic focus was measured with
ABCD [8], and resulted in a single cycle sine wave pulse
(see Figure 1b) with ∼90 fs duration and ∼5 THz carrier
frequency ('60 µm wavelength), see Figure 1c. The THz
pulse energy was measured by a calibrated pyroelectric
detector (Molectron, Coherent), and was∼1 µJ. The NIR
pump pulse is tightly focused with a f = 125 mm fused-
silica lens, and is overlapped in space and time to the
THz field inside the diamond sample.
The spectrum of the radiation at the output of the
crystal was measured with an imaging spectrometer
(Newport MS260i) coupled to a charge-coupled device
(CCD) camera (QSI 620). Different neutral density fil-
ters have been employed while acquiring data on different
portions of the spectrum to enhance the overall dynamic
range. The measured spectra recorded for low 3 µJ and
high 10 µJ pump energies are shown in Figure 2a,b, re-
spectively. For the low pump energy case, the spectrum is
what would be expected from an EFISH process, as can
be appreciated considering the spectrally-resolved mea-
surements of the nonlinear wave-mixing in air between
the same THz and NIR pulses reported in Ref. [9]. The
red curve in Figure 2a shows two spectral lobes around
the second harmonic wavelength of the NIR pump, ac-
cording to:
ω
SF/DF
EFISH = 2ωp ± ωseed, (1)
where SF and DF stand for sum- and difference-
frequency, respectively, ωp = 2pi c/λp, λp = 790 nm, and
ωseed = 2pi 5 THz. We note that the two measured peaks
are '10 nm apart, whereas the spectral shift predicted
for a 5 THz carrier frequency pulse is '5 nm. This dif-
ference is likely to be due to the limited THz detection
bandwidth accessible with the long 40 fs probe pulse, and
to phase matching considerations that are not included
in Equation (1). Notably, at these low input energies
and in the absence of an input THz seed, the pump pulse
undergoes minimal nonlinear reshaping, and the output
spectrum (blue curve) is still close to that of the input
spectrum (black curve in Figure 2a).
On the other hand, when the pump intensity is in-
creased, a strong spectral reshaping occurs, as can be
seen by the onset of supercontinuum generation, indi-
cated by SC on the blue curve in Figure 2b. Super-
continuum generation is a signature of strong nonlin-
ear effects, and the blue-shift indicates significant self-
steepening [16]. In this regime, a second, more intense
peak centred at ∼430 nm appears, and in the follow-
ing, we provide our interpretation of its physical origin.
We note that in the high-energy case, the SF and DF
peaks are not spectrally separated, as a consequence of
the strong spectral broadening of the intense pump field.
In Ref. [14], we have anticipated that the scattering of a
THz field from the refractive index induced by the shock-
front on an intense NIR pulse propagating in diamond
would result in an emission in the UV part of the spec-
trum. In the following section, we show that the recorded
3FIG. 2. (a) Experimental measurement showing the electric
field-induced second harmonic (EFISH) generation signal typ-
ically observed for low pump intensities (red, shaded curve, S
stands for power spectrum). The blue curve shows the pump
pulse spectrum after the propagation in the crystal without
any injected THz seed. The black shaded curve shows a sec-
tion of the input spectrum (a very limited spectral reshaping
of the pump pulse is evident); (b) as in (a), but for a higher
pump pulse intensity. The occurrence of an additional signal
at ∼430 nm is clearly visible in the red shaded curve.
∼430 nm peak fits with the prediction of that model. Be-
fore that, we exclude some of the more trivial effects, such
as EFISH and Raman scattering.
A. Excluded Possible Origins of the UV Signal
• Fluorescence. We note that although diamond
exhibits fluorescence in the analysed UV spectral
regions, all the recorded UV signals only appear
when the THz field is spatially and temporally over-
lapped to the 790 nm intense pulse. This obser-
vation rules out the possibility that the '430 nm
signal is originating from a fluorescence process in
diamond.
• Residual THz pump field. The multimesh fil-
ters used to remove the 1800 nm field from the
THz beam path provide more than 104 extinction.
Given the low <10−4 efficiency of the THz genera-
tion process, it is essential to exclude the possibility
that a residual 1800 nm field contributes to the on-
set of the '430 nm signal. To this end, we have
first inserted a 1 mm thick CaF2 window in the
THz beam path and searched for evidence of UV
radiation. In this case, no EFISH or 430 nm signal
were observed. Since CaF2 is transparent to IR ra-
diation but opaque to THz, we concluded that THz
is essential to generate the 430 nm signal. Further,
we observed that the UV radiation was visible upon
removing the CaF2 window and inserting a paper
filter, which both absorbs and scatters the 1800 nm
radiation. We therefore exclude any possible role
of a residual 1800 nm field in the generation of the
430 nm signal.
• EFISH. We note that the 430 nm peak cannot
be explained by the EFISH mechanism described
above. Indeed, its large shift from 395 nm—the
wavelength of the pump second harmonic—cannot
be justified by the broadening of the NIR pump
pulse spectrum.
• Raman. Diamond is a well-known Raman-active
crystal and has a large ∆R ∼ 1350 cm−1 shift. The
Raman-mediated wave mixing, ωp + ωp − 2pi c∆R,
gives a product at 417 nm (c is the speed of light).
This process is independent of the presence of the
THz field, whereas in our measurement, the 430 nm
signal only appeared when the THz field was in-
jected in the crystal. Another Raman-mediated
four-wave-mixing process that may lead to a sig-
nal around 417 nm is ωp + (ωp − 2pi c∆R)± ωseed.
This would require the presence of a Raman peak
at ωp−2pi c∆R, corresponding to a ∼884 nm wave-
length, which does not appear in the recorded spec-
tra. Finally, we note that the EFISH signal has
energies <1 pJ, and is too low to directly excite a
Raman red-shifted peak.
III. MODEL
Here we consider the experimental condition where a
weak seed and a strong pump co-propagate in a disper-
sive medium. The temporal dynamics of the two-pulse
interaction can be investigated within the framework of
the First Born approximation (e.g., Ref [17]). In this
case, the result of the interaction is evaluated considering
the scattering of the seed pulse from a potential, which
is determined by the nonlinear refractive index modifi-
cation induced by the pump pulse via the Kerr nonlin-
earity. This description can also be applied in a guided
wave geometry [18], and if the two pulses have different
frequencies, the weak one may catch up and scatter off
the refractive index induced by the intense one. Inter-
estingly, if the refractive index perturbation is such that
the seed pulse cannot overcome it, the interaction mimics
the physics at an event horizon. This analogy holds for
time-invariant pump pulses, such as solitons in an opti-
cal fibre [19, 20]. However, the horizon physics can be
observed in a wider context, such as in optical filamen-
tation [21].
The discussed scattering process leads to a shift of
the probe frequency, and is a relevant mechanism for
4the spectral broadening and the supercontinuum gen-
eration at the core of the nonlinear guided-optics re-
search [22, 23]. Within this framework, frequency con-
version consequent to the interaction of a weak field with
a strong solitonic pump has previously been investigated,
and is termed phase-insensitive scattering [12, 13, 24–27].
The scattering process is favoured for those spectral
components that keep the same phase of the input seed
across the interaction. This is determined by the mo-
mentum conservation:
k(ωscatter)− ωscatter/vp = k(ωseed)− ωseed/vp, (2)
where k is the wavevector, ωseed is the weak seed fre-
quency, S indicates the scattered quantities, and the
scatterer velocity is that of the pump pulse, vp. Con-
sidering the dispersion of diamond k(ω) from Ref. [28]
and the linear input conditions of the experiment, vp =[
d k(ω)/dω|ω=ωp
]−1
= 0.1228 µm/fs, Equation (2) is sat-
isfied for λS = 2pi c/ωscatter ∼ 460 nm. This result is
obtained neglecting any nonlinear effect that the pump
pulse undergoes during the propagation in the diamond,
yet the predicted wavelength for the maximum scattering
efficiency is remarkably close to the anomalous ∼ 430 nm
signal measured in the experiment above. To refine this
prediction, we performed numerical simulations with a
code that solves the nonlinear Maxwell’s equations in
(1D + 1) for the total field E = Ep+Eseed, using the Pseu-
dospectral Space Domain (PSSD) algorithm [29]. Note
that E refers to the complex electric field.
A. Nonlinear Maxwell equation Via
Pseudospectral Space Domain Algorithm (1D + 1)
The PSSD approach solves the Maxwell equations for the
electric and magnetic fields, considering the fields as func-
tions of time, performing the spatial derivatives in direct
space and the temporal derivatives in the Fourier domain.
We considered a nonlinear polarisation Pnl written in a
fashion identical to that presented in Ref. [30] that ex-
plicitly separates Pnl into two terms: Pnl = Pnl1 + Pnl2.
Pnl1 ∝ Re
[|E|2E] is responsible for the phase-insensitive
scattering process as well as the difference frequency gen-
eration components of the EFISH. Pnl2 ∝ Re
[E3] ac-
counts for third harmonic generation and other four-wave
mixing effects, including the sum-frequency generation
term of the EFISH. Combined together, these terms de-
scribe the full plethora of third-order nonlinear effects.
Figure 3a shows the result of these simulations. The
light blue shaded area shows the output spectrum for a
low pump energy. As can be seen, a weak EFISH signal is
observed around the pump second harmonic at ∼395 nm,
in keeping with our experimental observations shown in
Figure 2a. Here, two photons of the intense pump pulse
perform a sum and a difference frequency generation pro-
cess together with a THz photon, hence generating fields
with frequencies centred at the pump second harmonic.
FIG. 3. (a) Numerically simulated spectra for the total (pump
and THz) field—spectra are shown at the sample output
(z = 5 mm). The light blue shaded area is for low pump
intensity, while the thick black curve is for high pump inten-
sities (S stands for power spectrum). (b) Same as in (a), but
comparing—for the high energy case—the results from a full
simulation (black solid curve) with those from a simulation
accounting only for the Pnl1 ∝ Re
[|E|2E] (red shaded curve).
(c) Same as (b), but comparing the full simulation (black
solid curve) with one including only the Pnl2 ∝ Re
[E3] term
(green shaded curve). PI: phase insensitive scattering.
The momentum conservation relation for the EFISH pro-
cess is kEFISH = 2kp + kseed, while the energy conserva-
tion relation is in Equation (1). We stress that these
simulations are performed in 1D + 1, and therefore are
not expected to capture all the details of the measured
spectra. Nonetheless, at high pump input energies, they
predict the appearance of a broad supercontinuum (SC)
which indicates the onset of a shock, and a second peak at
∼430 nm, in addition to the EFISH peak at ∼395 nm, as
shown by the black curve in Figure 3a. The spectral po-
sition of these peaks agrees with the experiments shown
in Figure 2b. To gain insight into the physical mecha-
nism responsible for the 430 nm emission, we performed
two sets of simulations for the case of high-energy pump.
The first (shown in Figure 3b) is performed only includ-
ing the term Pnl1. This term is expected to lead to the
generation of the red-shifted part of the EFISH, as well as
of the scattered radiation, and indeed matches well the
long-wavelength lobe of the UV signal. A second sim-
ulation is performed considering only Pnl2 (as shown in
5FIG. 4. (a) Numerically simulated evolution of the seed field
spectrum along the full 5 mm propagation distance based on
Equation (4) (colormap is in logarithmic scale). (b) Disper-
sion, D(ωscatter) = k(ωscatter) − ωscatter/vp, for diamond cal-
culated for the speed of the shock front, vp =∼ 1.223 × 108
m/s (red curve). The horizontal line shows D(ωseed) =
k(ωseed) − ωseed/vp: the intersections with D(ωscatter) gives
the spectral location of the phase-insensitive scattering peak.
The blue-shaded box shows the THz input spectrum at 1/e2.
For the sake of clarity, the spectral position of the 790 nm
pump pulse is also shown with a vertical red dashed line.
Figure 3b), and as expected, matches the blue-end part of
the UV spectrum. From these simulations, we can infer
that the red-shifted peak observed both in the simulation
and in the experiments at ∼430 nm is due either to the
difference frequency generation terms of four-wave mix-
ing, or to the phase-insensitive scattering process. To
determine which of the two terms is indeed contribut-
ing to the measured spectrum, we performed another set
of simulations, this time dropping the four-wave mixing
terms. In addition, we consider a more general 2D +
1 scenario where only cylindrical symmetry around the
propagation axis is assumed.
B. Coupled Nonlinear Envelope Equations
We use a numerical model that relies on two coupled
nonlinear envelope equations (NEE) describing the prop-
agation of the intense pump laser pulse with frequency
ωp coupled with a second THz pulse at frequency ωseed.
The coupled NEE are written for the Fourier-transformed
envelopes of the fundamental pulse Eˆp(δωp, r, z) and the
THz pulse Eˆseed(δωseed, r, z), and read as [31]:
∂Eˆp
∂z
=i
[ ∇2⊥
2kp(ω)
+Kp
]
Eˆp + i n0n2ω
2
kp(ω)c2
̂|Ep|2Ep, (3)
∂Eˆseed
∂z
=i
[ ∇2⊥
2kseed(ω)
+Kseed(ω)−∆k
]
Eˆseed+
+ i
2n0n2ω
2
kseed(ω)c2
̂|Ep|2Eseed (4)
where n2 = 1.2 × 10−15 cm2/W [32] , kp(ω) = k(ωp) +
k′pδωp, Kp(ω) = k(ω)− kp(ω), and similarly for the seed,
THz field, kseed(ω) = k(ωseed) + k
′
seedδωseed, Kseed(ω) =
k(ω) − kseed(ω), ∆k = k′0δωseed − k(ωseed). The hat (ˆ·)
symbol denotes the time-domain Fourier transform. The
frequency variable δω is fixed for both pulses by the nu-
merical grid, and represents the departure from ωp and
ωseed in Equations (3) and (4), respectively. We note that
this model does not account for effects such as the four-
wave mixing between the seed THz pulse and the NIR
pump, and hence does not capture the EFISH process. It
is therefore well-suited to evidence the phase-insensitive
scattering effects.
As input for our simulation, we use a 790 nm pump
pulse with duration of 40 fs and input energy of 10 µJ.
The probe has a wavelength of 60 µm, duration of 90 fs,
and energy of 2 µJ, in accordance with the experimental
values.
We introduced a relative delay of 110 fs for the THz
field in order to compensate for the difference in group
velocities of the two pulses. This delay was optimised so
that the THz pulse catches up with the pump pulse after
a propagation distance of ∼ 300 µm, corresponding to
a position where the pump pulse generated the steepest
shock front, which increases the efficiency of the resonant
scattering process [33, 34].
Figure 4a shows in detail the spectral evolution of
the THz pulse over the full propagation distance. At
z = 0.3 mm, the interaction with the pump pulse induces
phase-insensitive scattering. The scattering peak in Fig-
ure 4a occurs at a frequency corresponding to 430 nm,
in agreement with the simulations performed with the
PSSD algorithm, and most importantly, with the experi-
mental observations. This supports the interpretation of
the observed peak at 430 nm as a result of phase insen-
sitive scattering of the THz seed off the refractive index
perturbation induced by the intense pump. It is worth
noting that the numerical simulation in Figure 4a does
not include cross-phase modulation induced by the in-
tense 790 nm pulse on the '395 nm EFISH signal among
the captured physical effects. Furthermore, the ampli-
tude of the '430 nm signal is comparable to that of the
EFISH, and we are therefore confident to exclude such
cross-phase modulation process from the possible sources
of the '430 nm emission.
To further support this interpretation, we evaluated
the velocity of the shock front on the pump pulse as re-
sulted from the 2D + 1 NEE simulations. At the prop-
agation distance at which the scattering occurs (i.e., at
6∼300 µm), the front speed is ∼0.1223 µm/fs. Consid-
ering this as the value for the speed of the scattering
object, the position of the phase-insensitive scattering
peak can be predicted from Equation (2), and is graph-
ically shown in Figure 4a, where we plot the dispersion
D = k(ωscatter)− ωscattervp (red curve), while the black hor-
izontal line is by D = k(ωseed) − ωseed/vp. There is an
excellent correspondence between the predicted and nu-
merically observed spectral peaks, thus confirming our
interpretation of the 430 nm peak as phase-insensitive
scattering.
IV. CONCLUSIONS
Frequency conversion of THz radiation in the UV spec-
tral range can be accomplished via EFISH, and it pro-
vides a mean for the detection of far-infrared radiation.
Here we have shown that, under appropriate conditions,
an additional effect contributes to the frequency conver-
sion; namely, phase-insensitive scattering. This effect be-
longs to the cross-phase modulation family rather than
to the frequency mixing processes that accompany the
third-order nonlinearity.
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